Fatigue crack propagation tests in constant amplitude loading, as well as with single peak overloads, have been performed in AlMgSi1-T6 aluminium alloys with different Mn and Cr contents. Crack closure was monitored in all tests by the compliance technique using a pin microgauge. A moderate stress ratio and a strong material dependence effects on the fatigue crack growth were observed. These effects are discussed in terms of the different dominant closure mechanism (plasticity-induced closure or roughness-induced closure). Roughness-induced closure dominates crack closure in the alloys with higher contents of Mn and Cr elements. In the alloy with a lower content of these elements, plasticity-induced closure is dominant. When roughness-induced closure is the prime pre-overload closure mechanism, the retardation effect is decreased in comparison to when plasticity-induced closure is dominant. #
Introduction
Age hardened aluminium alloys are of great technological importance. In particular for ground transport systems, when relatively high strength, good corrosion resistance and high toughness are required in conjunction with good formability and weldability, aluminium alloys with Mg and Si as alloying elements are used (Al-Mg-Si/6xxx series).
Crack closure has played a central role in the study of fatigue crack propagation [1] . A large number of research has made attempts to understand the influence of the mean stress on the fatigue crack growth rate based on the crack closure argument (e.g. [2, 3] ). Except for high stress ratios or high DK values, the fatigue crack growth can be affected more or less by the crack closure induced by plasticity in the two-parameter crack growth rate relation zone, Paris regime, or by oxidation and surface roughness in the near threshold regime. The influence of mean stress on the fatigue crack growth rate has been explained with success by the crack closure using the normalised load parameter U [3, 4] .
It is generally accepted that fatigue crack growth in the Paris regime is only weakly dependent on the materials microstructure when represented against DK eff [5] . However, when da=dN is plotted against DK, a number of examples of microstructure-dependent fatigue crack growth were reported in the literature (e.g. [5] [6] [7] ). In a work of Bergner and Zouhar [6] , crack growth rates of various aluminium alloys were observed to vary by a factor of about 20 at some values of DK. They suggest the presence of material dependent effects of crack closure and environment to explain that discrepancies.
Constant amplitude fatigue crack growth in Al-Mg-Si alloys can be highly influenced by the dispersoid content due to Mn or Cr being present [8] [9] [10] as well as by the type of age hardening heat treatment [6, 7, 10] . In all cases, the crack growth behaviour depends mainly on whether an alloy presents plasticity-induced crack closure only, or additionally other retarding mechanisms such as roughness-induced closure [7] [8] [9] [10] .
Several mechanisms have been proposed to explain crack growth retardation following single peak tensile overloads, which include models based on residual stress [11] , crack closure [3] , crack tip blunting [12] , strain hardening [13] , crack branching [14] and reversed yielding [15] . However, the precise micromechanisms responsible for these phenomena are not fully understood.
The present paper analyses the influence of the dominant closure mechanism (plasticity-induced or roughness-induced) in constant-and variable-amplitude fatigue crack growth, using three Al-Mg-Si aluminium alloys with different Mn and Cr contents.
Experimental procedure
This research was conduced using AlMgSi1 (6082) aluminium alloys with a T6 heat treatment. The T6 treatment is a full heat treatment process comprising the operations of solution treatment, quenching and age-hardening. The alloys' chemical composition and mechanical properties are shown in Tables 1 and 2 , respectively. The data presented in these tables are for the two alloys tested in this work (alloys B and C) and also for an alloy analysed in previous work (alloy A) [16, 17] . These alloys differ mainly in the manganese and chromium contents.
Fatigue tests were undertaken, in agreement with ASTM E647 [18] standard, using middle-tension, M(T), 3 mm (alloy A), 6 mm (alloy B) and 12 mm (alloy C) thick specimens. The specimens were obtained in the longitudinal transverse direction from a laminated plate. Fig. 1 illustrates the major dimensions of the samples used in the tests. The notch preparation was made by electrical-discharge machining. After that, the specimen surfaces were mechanically polished.
All experiments were performed in a servohydraulic, closed-loop mechanical test machine with 100 kN capacity, interfaced to a computer for machine control and data acquisition. All tests were conducted in air and room temperature, at a frequency of 20 Hz and a stress ratio of 0.05 or 0.25. The specimens were clamped by hydraulic grips. The crack length was measured using a travelling microscope (45Â) with an accuracy of 10 lm. Collection of data was initiated after achieving an initial crack length 2a 0 of approximately 12 mm.
The constant amplitude tests where performed in load control mode. The fatigue crack growth rate data were generated using the K-increasing procedure for da=dN > 1 Â 10 À5 mm=cycle and the K-decreasing procedure for da=dN < 1 Â 10 À5 mm=cycle. Crack growth rates were determined by the incremental polynomial method using five consecutive points [18] . The single tensile overload tests were performed under constant DK and stress ratio R conditions, by manually shedding the load with crack growth. The load shedding intervals were chosen so that the maximum DK baseline level, DK BL , variation was smaller than 2%. The overloads were applied under load control mode during one cycle by programming the increase in load to the designated overload value.
After overloading, the baseline loading was resumed and the transient crack growth behaviour associated with the overload was carefully observed. The influence of single peak tensile overloads was investigated at two different stress ratios, R ¼ 0:05 and R ¼ 0:25. The overloads were applied at DK baseline levels of 8 and 12 MPa m 1/2 , with overload ratios OLR of 2 and 2.5. OLR was defined as
where K max , K min , and K OL are the maximum, minimum, and peak overload intensity factors, respectively. The crack growth rates were determined by the secant method [18] . Load-displacement behaviour was monitored at specific intervals throughout each of the tests using a pin microgauge elaborated from a high sensitive commercial axial extensometer (AE0.625 mm of maximum displacement), as illustrated in Fig. 2 . The gauge pins were placed in two drilled holes of 0.5 mm diameter located above and below the centre of the notch (Fig. 2) . The distance between these holes was 3.5 mm. In order to collect as many load-displacement data as possible during a particular cycle, the frequency was reduced to 0.5 Hz. Noise on the strain gauge output was reduced by passing the signal through a 1 Hz low-pass mathematical filter. Fig. 3 illustrates the typical load-displacement records obtained in this study.
Variations of the opening load, P op , were derived from these records using the technique known as maximisation of the correlation coefficient [19] . This technique involves taking the upper 10% of the P-e data and calculating the least squares correlation coefficient. The next data pair is then added and the correlation coefficient is again computed. This procedure is repeated for the whole data set. The point at which the correlation coefficient reaches a maximum can then be defined as P op .
The fraction of the load cycle for which the crack remains fully open, parameter U, was calculated by the following equation:
where P max , P min , and P op are the maximum, minimum, and crack opening loads, respectively. The values of the effective stress intensity factor range parameter, DK eff , were than calculated by the expression:
where K op is the stress intensity factor at opening load.
The accuracy of the all processes used to obtain the crack closure level was evaluated. At the same time, the sensitivity of pin gauge location with respect to the crack tip was also analysed. The pin gauge was put at different positions in order to explore how it would affect the crack opening results. The pin gauge was placed at the centre line of the specimen, at 3 mm behind the crack tip, and at 1 mm behind the crack tip. Three load-displacement records were obtained for each position of the pin gauge. The values of P op and parameter U measured in alloy A at a crack length of 20 mm and DK¼ 9 MPa m 1=2 are presented in Table 3 . Table 3 shows that the variation of opening load values obtained at different pin gauge locations is less than 2.7%, corresponding to a change in parameter U lower than 0.7%. When the distance to the crack tip is increased, a small increase of scattering is observed. However, for each pin gauge location, the variation of P op values is always less than 3.8%, which represents a change in parameter U lower than 1%. Therefore, the results presented in Table 3 clearly show that the crack closure values are fairly accurate and at the same time, for distances higher than 1 mm, practically independent of the pin gauge location relatively to the crack tip.
The fatigued fracture surfaces of specimens were observed in a Philips XL30 scanning electron microscope. The fracture surface profile and roughness at different distances from the specimen surfaces were also evaluated. The laser equipment Mahr RM600-3D was used for these measurements. The optical distance sensor works with an infrared laser whose beam is focused on the surface of the sample. The size of the spot is 1 lm and the resolution of the equipment is 0.01 lm. The geometry of the surface of fatigue specimens was determined through analysis of profiles of the fracture surface, parallel to the main crack propagation direction.
Results

Constant amplitude loading
The influence of the stress ratio on the fatigue crack growth rate for alloys B and C, with thickness of 6 and 12 mm, respectively, can be seen in Fig. 4 . A moderate R-ratio effect on the fatigue crack growth rate was observed. The crack growth rate da=dN increases with R. A similar trend was observed in alloy A as reported elsewhere [16] .
Fig . 5 compares the results for alloy B at the stress ratio of R ¼ 0:05 with data for alloy A obtained in a previous work [16] and the results obtained by Shercliff and Fleck [20] also for an AlMgSi1-T6 alloy. These authors used M(T) and bending specimens with a thickness of 9.9 mm, unfortunately no effective chemical composition was given. This figure shows that crack growth rates for alloy B are significantly lower than that for alloy A, and even lower than the ones obtained in [20] .
The different specimen thickness cannot explain this behaviour, because for higher thicknesses plane strain prevails. The plasticity-induced closure level in plane strain tends to be lower than in plane stress [21] and consequently da=dN increases as experimentally observed in steels [22] and aluminium alloys [23, 24] .
As fatigue crack growth rate has shown material and stress ratio dependence, a crack closure analysis was carried out to correlate the results with DK eff . Fig. 6 presents the variation of the normalised load ratio parameter U as a function of DK for alloys B and C. The parameter U decreases with decreasing DK. However, Table 3 Scattering of crack closure measurements and influence of pin gauge location
Measurement
Pin gauge location Centre line 3 mm behind crack tip 1 mm behind crack tip , U dropped steeply with increasing DK. This behaviour only occurs for small crack lengths during the early period of the fatigue tests. It can be explained by the great crack length dependence of roughness-induced crack closure, during the transition from mechanical small cracks to long cracks [25] . The values of U increased with the stress ratio and for the same R, alloy C presents a closure level higher than alloy B. Fig. 8(a) . The respective images of the fatigued fracture surface of each alloy are shown in Fig. 8(b) . In these figures, the crack growth direction is from right to left. It can be clearly seen that alloys B and C have a considerably more irregular crack path and surface topography than alloy A. The surface roughness of the fatigued fracture surfaces was also evaluated. R a and R max are the roughness parameters used to assess the fatigued surface topography. The parameter R a is the roughness average, i.e., the arithmetic average of the absolute values of the roughness profile ordinates and R max is the largest single peakto-valley height within five adjoining sample lengths. The values of R a and R max superimposed in Fig. 8 are mean values of at least five measurements.
Although the roughness is characterised by a significant scatter, alloy C presented a relative higher roughness in comparison to alloy B. Furthermore, these measurements showed that for alloys B and C the mean values of R a and R max were at least 2 and 3 times higher, respectively, in comparison to alloy A, suggesting an effect of roughness in the high crack closure level observed for these alloys. Fig. 9 shows the da=dN DK eff data for alloys B and C at the two analysed stress ratios R ¼ 0:05 and R ¼ 0:25. The da=dN DK eff curves obtained in previous work [16] and by Shercliff and Fleck [20] are also plotted for comparison. This figure shows for alloy C (alloy with higher Mn and Cr contends), mainly above da=dN > 3 Â 10 À5 , an anomalous behaviour of the data points for R ¼ 0:05 which are on the left of those for R ¼ 0:25. This behaviour was already observed in Fig. 4 where also in the da=dN versus DK representation and above da=dN > 3 Â 10 À5 , the data points for R ¼ 0:05 are on the left of those obtained at R ¼ 0:25. The conversion of DK in DK eff through the correction of crack closure only emphasises this behaviour. It is important to notice that alloy C specimens are thicker (12 mm) than those of alloys A and B and that the crack path observed in alloy C is very tortuous. Therefore, the more plausible explanation of this anomalous behaviour and of the lower correlation obtained through DK eff for alloy C is that the da=dN values measured at the surface of the specimen of this alloy probably do not correspond to the real mean crack growth rate verified in the all crack front.
In any case, the fatigue crack growth rate data tend to fall within an acceptable scatter band when da=dN is plotted against DK eff compared to Fig. 4 [20] . Therefore, the crack closure effect can generally correlate well the influence of the stress ratio R and also of the microstructure.
Single peak overload
The normalised crack growth rate, ðda=dNÞ= ðda=dNÞ CA , where ðda=dNÞ CA is the constant amplitude crack growth rate corresponding to the baseline level, following a 100% single tensile overload (OLR ¼ 2) applied at DK BL ¼ 8 MPa m 1=2 can be seen in Fig. 10 . In this figure, the normalised crack growth rate is plotted against the crack length from the overload event, a À a OL , where a OL is the crack length at which the overload is applied. Fig. 10 shows that for alloy A, there is a brief initial acceleration of crack growth rate immediately after the overload. The subsequent crack growth rate decreases until its minimum value is reached, followed by a gradual approach to the level of the baseline steady state. The crack growth transients in alloy A are in accordance with the behaviour usually referred to as delayed retardation of crack growth [26] [27] [28] typically observed for this alloy [16, 17, 26] . Alloy B presents mainly an immediate retardation, followed by an increase in the crack growth rate until a maximum value higher than the pre-overload da=dN value is reached. Only then does the crack growth rate gradually approach the level of the baseline steady state. In this alloy, the initial brief acceleration is only due to the overload cycle itself. Moreover, the overload retardation effect is much higher in alloy A than in alloy B, retardation during approximately a À a OL ¼ 7 mm for alloy A, while during only 0.52 mm for alloy B.
The corresponding crack closure response is presented in Fig. 11 . The obtained data are plotted in terms of the normalised load ratio parameter U, calculated by Eq. (2), against the crack growth increment from the point of overload application.
Prior to the overload, the U parameter at the baseline loading level is relatively stable. For alloy A, upon application of the overload, U rapidly increases followed by a decrease to a minimum value and then increases gradually towards the corresponding value of the baseline level. It is important to notice that the decrease in U is not immediate after the overload application, but on the contrary, decreases slowly towards the minimum value. This is in accordance with delayed retardation behaviour observed on the crack growth transients of this alloy. However, the pre-overload value is not attained at least until a crack increment after overloading greater than the retardation period is reached. This fact is attributed to the discontinuous closure or partial closure phenomenon generally seen in this alloy [16, 17] . According to this phenomenon, first identified experimentally by Fleck [28] , the crack is open near the tip, but still shut near the overload location at loads below the crack opening load, inducing measurements of crack opening loads that are excessively high.
In contrast, the closure transients for alloy B are quite different from the corresponding crack growth rate trend. Upon application of the overload, the crack closure level in alloy B shows no increase, as initially could be anticipated by the crack growth rate transients, presenting even a small reduction until the corresponding value of the baseline level is reached at a À a OL ¼ 1:74 mm. Alloy C basically shows the same crack growth transients and crack closure level trends as observed for alloy B. It can be clearly seen, by comparison between Figs. 12(a) and (b) , that alloy C has a surface topography much more irregular than alloy A. Typical fatigue fracture surfaces of alloy A have a relatively chaotic wavy appearance and the fracture path did not seem the result from a single mechanism of fracture (see Fig. 12(c) ). The crack propagates on multiple plateaus that are at different elevations with respect to each other. The plateaus (labelled A) are joined either by tear ridges or walls (labelled B). These relatively smooth areas consisted predominantly of transgranular fatigue propagation containing fairly well-developed striations with evidence of some secondary cracking and widely dispersed microvoid formation around second-phase particles (labelled C). Fig. 12(e) illustrates the occurrence of cleaved particles observed in many voids (arrows). These observations are consistent with those reported for similar alloys [29, 30] .
Fractography
The orientation of striation alignment generally differs from patch to patch as clearly observed in Fig. 12(c) . Therefore, the crack front is probably not a straight line, actually it can be quite a tortuous line, and some dispersion of the crack rate along the crack front must be expected. For lower DK values, the fatigue striations were poorly defined and occupied a less portion of the fatigue surface. Furthermore, secondary cracking was practically absent.
In contrast, the fatigue fracture surface of alloy C (Fig. 12(d) ) exhibits a more brittle nature, i.e., cleavagelike fracture, as suggested by the presence of a high number of cleavage steps (labelled E). Evidence of some ductile tearing (labelled F) was also observed. This alloy showed many unbroken particles at the fracture surface (marked by rings in Fig. 12(d) ). These particles, highlighted by the magnification image at the top right corner of Fig. 12(d) , are spherical shaped Mn/Cr-rich dispersoids with diameters between 0.5 and 2.5 lm. The dispersoid particles are separated from the matrix forming microvoids at the matting fatigue fracture surface as signalised by the arrows in Fig. 12(d) . The presence of these microvoids, although in a much lower density, was also observed at the fracture surface of alloy A (labelled with D in Fig. 12(c) ). The typical fracture surface of alloy B exhibited similar features as alloy C, with a small decreased amount of incoherent dispersoid particles and associated microvoid formation. Fig. 12(f) shows a distinct cleavage pattern on the fatigue fracture surface of alloy C generally referred to as twist boundary [30] . The intergranular fracture along the grain or subgrain boundary (arrows) is accompanied by a small rotation of the cleavage planes about an axis perpendicular to the boundary. Because of the significant misalignment of cleavage planes at the boundary, the cleavage steps do not cross but reinitiate at the boundary as a series of new parallel cleavage steps [30] . A significant density of microvoids formed from round dispersoid particles is also clearly seen in this figure (some of them marked by rings).
Discussion
In the work of Bergner et al. [7] , aluminium alloys were classified in two distinct groups. One of the groups (denoted ''I'') is characterised by approximately equal crack growth rates at DK 0 ¼ 10 MPa m 1=2 , of about ð1:65 AE 0:45Þ Â 10 À4 mm=cycle. In contrast, the other group (denoted ''II'') is characterised by varying da=dN at DK 0 . Crack growth rates of group II are always lower than those observed for group I. They propose that the main criterion of differentiation between the alloys of groups I and II is whether an alloy shows, respectively, plasticity-induced closure only or additionally other retarding mechanisms such as roughness-induced closure.
Due to the higher degree of coherency of the main strengthening precipitates with the aluminium lattice for naturally aged conditions, they are mainly sheared by dislocations promoting planar slip conducing to a higher roughness due to an extensive crack deflection. Therefore, the naturally aged aluminium alloys are classified in group II [7] . Artificially aged conditions such as T6, having a lower coherency of its precipitates with the aluminium lattice, a lower crack deflection and roughness are expected because a significant fraction of precipitates are looped or bypassed. Thus, they are included in group I [7] . Fig. 5 shows that while alloy A, being in artificially aged condition T6, is in agreement of the above statements, as it presents a crack growth rate of approximately 1:69 Â 10 À4 mm=cycle at DK 0 ¼ 10 MPa m 1=2 . Alloys B and C, although being in the same T6 condition, have significantly lower values of da=dN at DK 0 , approximately 1:5 Â 10 À5 and 7:5 Â 10 À6 mm= cycle, respectively, being better included in group II.
The basic distinction between the alloys analysed in this work is the amount of Mn and Cr added as dispersoid-forming elements. As observed in Fig. 12 , the higher content of these elements in alloys B and C lead to an higher amount of rich Mn/Cr dispersoid particles relatively to alloy A. Although some influence of the age hardening heat treatment cannot be discharge, the lower crack growth rates observed for alloys B and C can be mainly attributed to the higher dispersoid contend in these alloys. The dispersoid phase is composed by spherical and rod shaped particles, rich in Mn and containing other alloying elements such as Si and Cr, dispersed uniformly in the matrix [10] . This phase promotes planar slip and large deviations of the crack from the average crack growth direction [9, 10] resulting in a tortuous crack path and higher roughness of the fatigued fracture surface as indeed observed in Fig. 8 . This effect enhances roughness-induced crack closure and, thus, improves the fatigue properties [9, 10] .
The crack closure data depicted in Fig. 7 show that the crack closure level in alloy A only decreases with increasing stress intensity range until DK¼ 5:5 MPa m 1=2 , after which remains basically constant. Such behaviour is attributed to the generally accepted dominance of oxide-induced and roughness-induced crack closure in the near threshold regime. In the Paris regime, plasticity-induced crack closure dominates and closure values are generally independent of DK. In contrast, the crack closure levels in alloys B and C decrease with increasing DK for almost all DK values. Such behaviour is associated to the dominance of roughness-induced crack closure in all the range of DK. Furthermore, the higher Paris exponent observed for alloys B and C in Figs. 4 and 5 is consistent with a relatively decreasing contribution of roughness-induced crack closure with increasing DK in comparison with plasticity-induced crack closure.
Therefore, it is suggested that distinct closure mechanisms must exist in the alloys. For alloy A, plasticity-and roughness-induced crack closures must be present, being the last significant only near threshold. For the other alloys, roughness-induced closure must also be dominate in the Paris regime.
The phenomenon of plasticity-induced closure seems to be the main cause of the post-overload crack growth transients for alloy A depicted in Fig. 10 . The overload cycle induces crack tip blunting, which tends to remove near tip closure and reduces far field closure. Consequently, the crack closure level is reduced to the value prior to the overload increasing the effective stress intensity DK eff and, thus, leading to the brief initial crack acceleration [27, 28] . As the crack grows into the compressive residual stress field formed by the overload cycle, it encounters increased levels of plasticity that induce near tip crack closure. This results in a gradual increase of the closure level (see Fig. 11 ), which implies a gradual reduction of DK eff and therefore of the crack growth rate. As the crack grows outside the zone of largest plastic deformations, the crack closure level and, hence, da=dN gradually approach the values corresponding to the baseline level. However, there is some discrepancy between the crack growth rate transients and the corresponding crack closure trend presented in Figs. 10 and 11 , respectively. This disagreement is due, as already mentioned, to the discontinuous closure or partial closure phenomenon.
Recently, Paris et al. [31] and Donald and Paris [32] introduced the new concept of partial closure. According to this concept, a significant contribution to fatigue damage occurs in the load range below the opening load when measured remotely from the crack tip by the compliance technique. Considering that even those who have questioned the assumption of plasticity-induced closure [33] do not object to crack surface interference caused by mismatched roughness, they proposed the partial closure model. This model suggests that an approximate result of the effective range of K, between its real minimum and maximum, could be given by the following simple expression:
Experimental results showed that, for several aluminium alloys, this equation produces very good correlation of fatigue crack growth data under loadreduction (threshold) simulations [31, 32] . Incidentally, Newman [34] has also indicated that under conditions of remote (partial) closure, the appropriate opening stress to calculate the effective stress is 0.62r op , which is very close to 2=pr op .
It is important to note that the partial closure model was physically established assuming that, under DK reduction simulations, the crack is open at tip and closed near the load reduction location, at loads below the crack opening load [31] . This is similar to the hypothesis of the discontinuous closure phenomenon for overload conditions [28] . Previous work [17] performed a detailed analysis of the effect of single overloads applied in alloy A with several overload intensities, stress ratios and DK baseline levels. In this study, the partial closure model, namely Eq. (4), established for constant amplitude loading, was used and enhanced to predict post-overload transients from far field closure measurements. It was showed, including for the crack growth rates and corresponding crack closure data presented in Figs. 10 and 11 , respectively, that the plasticity-induced crack closure argument can fully explain the post-overload crack growth transients in alloy A when the phenomenon of partial closure is properly taken into account [17] .
The disagreement observed between the crack closure transients for alloy B and the corresponding crack growth rate trend can be attributed to the high preoverload closure level observed for this alloy. It is important to note that this level is approximately equal to the maximum closure level induced by the overload applied in alloy A (U % 0:4). Thus, it is suggested that for alloys B and C, the overload cycle induces crack tip blunting, which tends to decrease roughness-induced closure by reducing asperity contact. Additionally, the increase in plasticity-induced closure due to the overload plastic zone is not able to compensate this reduction and, consequently, the crack growth rate increases after the initial retardation. Therefore, plasticity-induced closure, contrary to the observed for alloy A [17] , is not the main mechanism responsible for the retardation phase in alloys B and C. In these alloys, other mechanisms must be active, namely, crack tip blunting [12] and/or strain hardening [13] .
Conclusions
From the experimental study on fatigue crack growth behaviour in AlMgSi1-T6 alloys with different chemical composition under constant amplitude loading and single tensile overload conditions, the following concluding remarks can be drawn:
1. A moderate R-ratio and a strong material dependence effects on the fatigue crack growth were observed. These effects are related to the different closure levels. 2. The crack growth behaviour of AlMgSi1-T6 aluminium alloys depends mainly on whether the dominant closure mechanism is plasticity-induced or roughness-induced. For alloys with higher Cr and Mn contents, roughness-induced closure tends to be dominant. The rich Mn/Cr dispersoid particles promote planar slip and crack deflection resulting in a tortuous crack path, enhancing roughness-induced crack closure and, thus, decreasing crack growth rates. 3. The crack growth increment affected by the overload was lower in alloys exhibiting an increased amount of incoherent dispersoid particles. The higher preoverload crack closure level observed in these alloys, provided by roughness-induced closure, must explain the lower influence of the overload that promotes mainly plasticity-induced closure. 4. When roughness-induced closure is the prime preoverload closure mechanism, the retardation effect seems to be due to mechanisms other than plasticityinduced closure.
